INTRODUCTION
============

In recent mortality statistics, pneumonia has risen to become the fourth most common cause of death in Korea, following cancer, cardiovascular disease, and cerebrovascular disease \[[@b1-jpmph-52-2-82]\]. Despite the incorporation of pneumococcal vaccines into the national immunization program, a significant number of patients, especially younger children and elderly patients, suffer from pneumonia.

Different studies have explored the possible effects of various meteorological factors on pneumonia and other respiratory diseases. Temperature is a well-known factor, and is likely the least disputable contributor \[[@b2-jpmph-52-2-82]-[@b6-jpmph-52-2-82]\]. Some studies have reported J-shaped, U-shaped, or V-shaped relationships of temperature with pneumonia, but the patterns seem to vary by study location \[[@b2-jpmph-52-2-82]-[@b4-jpmph-52-2-82]\] and temperature range (i.e., between colder or warmer temperatures) \[[@b5-jpmph-52-2-82],[@b6-jpmph-52-2-82]\]. The diurnal temperature range (DTR), representing the temperature variance within a day, has also been observed to influence general health \[[@b7-jpmph-52-2-82]\] and respiratory conditions \[[@b8-jpmph-52-2-82],[@b9-jpmph-52-2-82]\]. Correlations between precipitation or relative humidity (RH) and pneumonia have been reported in countries with abundant rainfall \[[@b10-jpmph-52-2-82]-[@b12-jpmph-52-2-82]\].

The public also has empirical notions about the health effects of weather. In Western countries, people are aware of so-called 'pneumonia weather'---that is, when it suddenly becomes warmer during the cold season, people perceive themselves to be at risk for developing pneumonia. In Korea, weather forecasts alert the public to take steps to prevent catching a cold when the DTR is expected to be high.

Efforts to elucidate relationships between meteorological factors and health conditions have so far focused on specific weather variables in relatively broad areas, with mortality data as an endpoint \[[@b13-jpmph-52-2-82]\]. However, since the weather is a multifaceted phenomenon to which various meteorological factors contribute, it can be difficult to disentangle specific effects from others. Furthermore, morbidity is another important outcome of public health issues. Therefore, this study focused on investigating the relationship between the number of pneumonia cases presenting to emergency rooms (ERs) and meteorological factors in Seoul, Korea. We also sought to clarify the reasonability of the empirical term 'pneumonia weather' and estimated its short-term impact through a time-series analysis.

METHODS
=======

The case counts of pneumonia patients who visited ERs in Seoul between January 1, 2009 and December 31, 2014, were the focus of this study. ERs in Korea are stratified into 4 classes: the National Emergency Medical Center, which governs all other institutions, local emergency medical centers (EMCs), regional EMCs, and regional emergency medical service institutions. Among these institutions, most major hospitals participate in the National Emergency Department Information System (NEDIS). Therefore, when a patient visits an ER, relevant data such as time, age, and diagnosis are recorded and incorporated into the system in real time. Cases were defined based on the International Classification of Diseases, 10th Revision. We extracted records from the NEDIS database for cases where the diagnosis at the time of ER discharge included any type of pneumonia (J12-J18). For the first 5 years of our study period, there were 30 ERs in Seoul within the NEDIS. Another institution was added in 2014, but data from that institution were excluded for consistency of the analysis.

The Korea Meteorological Administration provides open access to its weather database. We collected daily observations on average, minimum, and maximum temperatures; RH; precipitation; and wind speed (WS) for our study period from the Seoul observatory. From this data, we generated two additional variables: the DTR defined as the difference between the minimum temperature and maximum temperature on a given day, and pneumonia temperature, defined as the current day's average temperature minus the previous day's average temperature. A higher pneumonia temperature indicates that a given day was warmer than the previous day, and vice versa.

Time-series plots for pneumonia ER visits and weather variables were reviewed and investigated for any trends other than seasonality. Spearman correlation coefficients were calculated between the meteorological factors to avoid collinearity. In Seoul, most precipitation occurs during the rainy season in summer. For this reason, we decided to discard the precipitation data and instead apply RH, which has valid and computable daily data throughout the study period. Since the assumption of linearity rarely holds for meteorological effects on ER visits, we applied a generalized additive model (GAM) using a log link function. A negative binomial distribution was assumed to handle the overdispersion issue. We included *time* as an ordinal number of calendar days on day t, and *Holiday* as a dummy variable for Sundays or public holidays to adjust for their potential confounding effects. For the number of knots and degrees of freedom of the models, we adapted the values estimated by the *mgcv* package using default settings. The base model equation was as follows:
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where E(Y~t~) refers to the expected count of pneumonia cases presenting to the ER, *s()* is the spline function smoothing non-linear variables, *T*~PN~ refers to the pneumonia temperature, *T*~AVE~ is the average temperature, *DTR* is the diurnal temperature range, *RH* is the relative humidity, and *WS* is wind speed.

Pneumonia often results from the subacute progression of previously acquired upper respiratory infections. Thus, it is reasonable to simultaneously evaluate the delayed effect of certain meteorological conditions on triggering pneumonia. For this reason, along with the current day's effect, which is denoted by lag~0~, we also applied single lags from lag1 to lag~7~ and cumulative lags from lag~0-1~ to lag~0-7~ for the average temperature and DTR. However, only single lags were used for pneumonia temperature because the purpose of this parameter was to evaluate the risk, if any, posed by a sudden increase or drop of temperature between 2 consecutive days. Cumulative lags, which contain an average of 2 days or more, did not suit this purpose. Second, the temperature difference between consecutive days in actual ambient conditions is usually small or gradual, rather than fluctuating, so that the accumulation of more lags would cause the average to converge to zero. Accordingly, we built and tested various lag models using every possible combination with 7 single lags or 14 single and cumulative lags for each variable, and chose the best lag model based on the Akaike information criterion.

Spline curves of meteorological variables were plotted using the best lag model. For linearly increasing or decreasing curves, the relative risk (RR) for each unit change was estimated. If the curve appeared to have any inflection point, such as a V-shape or plateau, a breakpoint based on the r-square was determined and piecewise regression was done to estimate the RR for each segment. The process was then repeated with subgroup data by age, especially focusing on younger children and the elderly, who were most likely to be affected by pneumonia. Computations were carried out using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) for data handling and R-studio version 1.0.153 with the *mgcv* package for the GAM analysis.

The Korea University Institutional Review Board reviewed the study design and approved a waiver (KU-IRB-17-EX-257-A-1).

RESULTS
=======

During the 6 years of the study period, 217 776 ER visits for pneumonia were recorded ([Table 1](#t1-jpmph-52-2-82){ref-type="table"}). The number of cases peaked in 2009 owing to the pandemic of influenza A. The age group distribution showed apparent vulnerability in younger children (5 years or younger) and in the elderly (aged 65 years or older), while adolescents seemed less likely to be affected. The time-series plots for total cases and meteorological variables are provided in [Figure 1](#f1-jpmph-52-2-82){ref-type="fig"}. No overall trend other than seasonality was observed.

[Table 2](#t2-jpmph-52-2-82){ref-type="table"} summarizes the investigated meteorological factors, showing the temperate climate characteristics of Seoul. The wide range in average temperatures indicates that Seoul experiences hot summers and cold winters. Precipitation is extremely right-skewed, because the rainy season is in the summer, whereas RH is fairly evenly distributed. RH and precipitation were moderately correlated (data not shown).

The spline curves generated by the GAM analysis, as shown in [Figure 2](#f2-jpmph-52-2-82){ref-type="fig"}, demonstrated the patterns of the relationships between each meteorological variable and ER visits for pneumonia from the best lag models for (A) all age groups, (B) younger children, and (C) the elderly.

The pneumonia temperature for all age groups ([Figure 2A](#f2-jpmph-52-2-82){ref-type="fig"}) showed an N-shaped pattern with a relatively flat segment in the middle. For example, when the pneumonia temperature was 6°C or higher (i.e., when it suddenly became warmer than the previous day), an increased risk of pneumonia could be expected after 7 days. On the contrary, when the pneumonia temperature was -10°C or lower (i.e. when it suddenly became colder than the previous day) the risk of pneumonia after 7 days was decreased. A 7-day average temperature of 14°C or higher showed a protective effect, whereas no noticeable risk changes were found for the DTR, RH, or WS.

In children, the best model for the DTR was single lag7, while the other factors had similar patterns to those in all age groups ([Figure 2B](#f2-jpmph-52-2-82){ref-type="fig"}). However, the elderly showed different relationships ([Figure 2C](#f2-jpmph-52-2-82){ref-type="fig"}). The best lag for the pneumonia temperature was single lag4, and the trend was linear (near null), without significance. The best lags were the same for average temperature and DTR, but with an opposite pattern. Risk increased on both sides of the breakpoint as the average temperature fell below or rose above 16°C, and an elevated DTR was associated with increased risk after 7 cumulative days.

Based on the fitted meteorological curves, the pneumonia temperature in all ages and children, and average temperature in all ages, children, and the elderly appeared to have breakpoints with different RRs for each interval. [Table 3](#t3-jpmph-52-2-82){ref-type="table"} shows the RRs that were estimated using segmented regression. When the pneumonia temperature was higher than 6°C, each additional 1°C increase resulted in an 1.89 (95% confidence interval \[CI\], 1.36 to 2.61) to 1.89 (95% CI, 1.34 to 2.67) increase in the RR for an ER visit due to pneumonia. The breakpoint for average temperature was 14°C in all ages and in children. Each degree warmer above this point was shown to present a 0.07 (95% CI, 0.92 to 0.93) or 0.08 (95% CI, 0.91 to 0.92) change in the RR, respectively. However, in the elderly, the reverse effect was observed with a breakpoint of 16°C, and the size of the effect was also small (0.02 change; 95% CI, 0.98 to 0.98). The RR for pneumonia temperature was not measured because the fitted spline curve did not show significance.

The DTR showed a linear relationship in every age group, but with different directions. In all ages and in children, increasing DTR served as a protective factor, and the magnitude of the effect was slightly higher in all ages than in children, with 0.04 (95% CI, 0.94 to 0.98) and 0.02 (95% CI, 0.97 to 0.99) reductions in the RR, respectively. In contrast, each unit increase in the DTR was related to an 0.08 (95% CI, 1.06 to 1.09) increase in the RR for ER visits due to pneumonia among the elderly.

DISCUSSION
==========

Korea is known to have a temperate climate, although more extreme weather conditions such as heat waves or cold snaps have been observed in recent years. Consequently, understanding the health effects of climate change is emerging as a significant issue \[[@b14-jpmph-52-2-82]\]. Our study demonstrated that the average temperature and DTR were related to the risk of pneumonia, although the magnitude and direction of the relationship varied across age groups. We also revealed that 'pneumonia weather' is not merely a casual expression, but is actually a valid term. To the best of our knowledge, this is the first study to investigate associations between NEDIS data and meteorological variables to identify the acute and subacute impacts of weather on specific health outcomes in Korea.

No consensus exists regarding the definition of 'pneumonia weather' or the pneumonia temperature, so we investigated abrupt temperature changes in both directions (colder to warmer and warmer to colder), and found that the former (i.e., a higher pneumonia temperature) increased the risk of pneumonia, especially in children. The risk was best explained when a 7-day lag was considered, which is reasonable considering the clinical course of pneumonia \[[@b15-jpmph-52-2-82]\]. This finding can also be contextualized within people's health behavior during the cold season: when it suddenly becomes warmer in the winter, people start to dress lightly. However, since the warmer weather does not last long, they are exposed to infections that eventually lead to pneumonia. Since people feel weather changes more sharply when it occurs in the opposite direction (e.g. warm to cold, rather than warm to warmer), we propose that the effect of higher pneumonia temperatures can be interpreted as a combination of an association with the cold season and less tolerance to this pattern of temperature change. Previous studies have identified the cold season as a risk factor for morbidity and mortality from pneumonia \[[@b6-jpmph-52-2-82]\] and other respiratory infections \[[@b16-jpmph-52-2-82]-[@b18-jpmph-52-2-82]\]. An underlying pathophysiological basis of an immunocompromised environment in the respiratory tract in cold weather has also been noted \[[@b19-jpmph-52-2-82]\]. In children, for example, peripheral vasoconstriction decreases ciliary movement, thereby restricting the elimination of respiratory pathogens on the epithelium \[[@b20-jpmph-52-2-82]\]. Meanwhile, vulnerable groups to pneumonia, such as children, have less ability to adjust to suddenly changing weather conditions \[[@b21-jpmph-52-2-82]\], which may increase their risk. Nonetheless, further studies should focus on better explanations, including those based on immunological factors. Furthermore, future studies should address some unclear aspects of our findings, including our observation that cold weather, as represented as a low average temperature, was not precisely proportionate to increased risk, and our finding that the effect of pneumonia temperature was null in the elderly, who would be expected to be as vulnerable as children.

We found a protective effect of warm temperature in all ages and children, while the risk increased proportionate to both increasing and decreasing temperatures in the elderly. The latter finding for the elderly is similar to the typical U-shape pattern between average temperature and pneumonia that has been observed in many other studies \[[@b6-jpmph-52-2-82],[@b22-jpmph-52-2-82],[@b23-jpmph-52-2-82]\]. However, studies have reported protective effects of lower or higher average temperatures \[[@b12-jpmph-52-2-82]\], as was the case in our study for particular age subgroups. A possible explanation for this discrepancy may be the effects of cold and heat on humans. A proposed mechanism through which cold temperatures cause respiratory symptoms is that long-term exposure to cold air induces an inflammatory reaction in the lower respiratory tract \[[@b24-jpmph-52-2-82]\]. However, although short-term exposure to cold air may increase the number of inflammatory cells, there is insufficient evidence to conclude that merely an increase in number is enough to trigger a pathological reaction \[[@b25-jpmph-52-2-82]\]. Furthermore, studies relating temperature to health effects have often used somewhat extreme measures or endpoints such as heat waves, cold spells, or mortality, possibly due to issues involving reliability of the data \[[@b13-jpmph-52-2-82]\]. However, these results should be reviewed carefully, since temperate climate areas rarely experience extreme weather, and ER visits are an issue distinct from mortality. From an etiological perspective, it could be argued that lower respiratory tract infections should be regarded differently \[[@b12-jpmph-52-2-82]\] since they result from previous upper respiratory tract infections. Clearly, a more comprehensive understanding of host factors, personal susceptibility, and the possible predisposing role of different seasons, which may affect epidemics of pathogens like influenza or respiratory syncytial virus, is needed.

DTR was one of the variables that we evaluated to assess variance of temperature. It is different from pneumonia temperature in that the former variable indicates within-day variance. That is, while we can expect certain changes in health behavior in response to pneumonia weather (e.g., changes of clothing or refraining from outside activities), people have less chance to adjust to the DTR. As a result, and partly explained by pathophysiological mechanisms including inflammatory modifications and bronchospasm \[[@b21-jpmph-52-2-82],[@b26-jpmph-52-2-82]\], DTR has been observed to be closely related with the risk of respiratory diseases \[[@b27-jpmph-52-2-82]-[@b30-jpmph-52-2-82]\]. Furthermore, previous studies have commonly identified the elderly as the most vulnerable group, with effect estimates of around 1% change per 1°C increase \[[@b29-jpmph-52-2-82],[@b30-jpmph-52-2-82]\], which is comparable to our result of a 0.8% change. However, no evidence seems to exist in the literature to support our results regarding all ages and children, both of which showed negative effects in response to the DTR. We assume that modifiers of the DTR not considered in our study may have affected our results \[[@b7-jpmph-52-2-82]\], and that generated measures such as the DTR and pneumonia temperature are not as straightforward as direct measures, such as average temperature.

RH and WS were found to be of little significance in our study \[[@b17-jpmph-52-2-82]\]. In tropical areas with abundant rainfall, humidity and precipitation are thought to be related to pneumonia \[[@b4-jpmph-52-2-82]\]. However, in Korea, which has a temperate climate, more than half of the yearly precipitation is concentrated during 1-2 months in summer. With such a skewed distribution, patterns may arise that are different from those observed in other climate areas. Interestingly though, an increasing risk of pneumonia was observed in people aged over 65 years old when RH was extremely low. Considering that dry days are mostly in the late fall to winter, which overlaps with the seasonal influenza period, and influenza virus transmission is most efficient when the air is dry \[[@b31-jpmph-52-2-82]\], low humidity may be considered a risk for pneumonia, particularly in older people.

Our study focused only on Seoul, which is a limitation for generalizing the results to the entire country. However, we expect that the overall meteorological conditions would be similar in other regions, since Korea has a relatively small geographical area. Nonetheless, sociodemographic factors may vary, and it is therefore necessary to consider other representative cities in further studies. The NEDIS data source also has some limitations. Its strengths are that the data are reported in real time and contain several clinical variables such as incidence date and body temperature, whereas claims data are usually reported monthly, and lack important variables for this study such as the incidence date. However, ER visits due to pneumonia may not be representative of all pneumonia cases. The ER is a first-response unit in hospitals where physicians can only report preliminary results or suspected diagnoses. Moreover, less severe cases may have been underrepresented in the data, because such patients are more likely to seek primary care or visit outpatient clinics, and more severe cases with many comorbidities may have also been underrepresented, since physicians may forget to add pneumonia as a diagnosis if the other symptoms are critical. It is quite difficult to completely avoid such misclassifications when using secondary data.

Despite its limitations, our study provided insights from 6 years of ER data in the capital of Korea. It is among the few studies that have used NEDIS data to relate various meteorological variables and to have investigated pneumonia in particular. Moreover, we evaluated the empirical term 'pneumonia weather' (or pneumonia temperature) from a public health standpoint and verified its validity. Further studies should expand the details of our findings by identifying risk groups and relationships with underlying medical conditions. It would also be meaningful to compare the patterns by different subtypes of pneumonia. In light of growing concerns about climate change, protective measures for pneumonia should carefully be prepared and tailored considering the different effects in specific age groups.

In conclusion, this study demonstrated the short-term effects of various meteorological variables on pneumonia. Pneumonia temperature, representing day-to-day variance in temperature, and the DTR, representing within-day variance, influenced ER visits due to pneumonia. Effects of average temperature and RH were also found. The magnitude of the effects varied across age groups and lag periods.
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![Time-series plots of pneumonia ER cases (A) and meteorological variables (B: average temperature, C: pneumonia temperature, D: DTR, E: precipitation, F: relative humidity). No changes in the overall trend were found for either the case count of pneumonia patients visiting the ER or for each meteorological factor. However, the number of patients peaked in 2009 due to pandemic influenza. ER, emergency room; DTR, diurnal temperature range.](jpmph-52-2-82f1){#f1-jpmph-52-2-82}

![Fitted spline curves for meteorological variables. The estimated effects of meteorological factors showed similar patterns in all ages (A) and in children (B). However, the elderly (C) showed different patterns for the average temperature and DTR. T~PN~, pneumonia temperature; T~AVE~, daily average temperature; DTR, diurnal temperature range; RH, relative humidity; WS, daily average wind speed; RR, relative risk. \**p*\<0.05.](jpmph-52-2-82f2){#f2-jpmph-52-2-82}

###### 

Number of daily emergency room visits for pneumonia in Seoul from 2009 to 2014

  Variables      Cases, n (%)
  -------------- ----------------
  Year           
   2009          53 913 (24.8)
   2010          31 276 (14.4)
   2011          34 742 (15.9)
   2012          32 819 (15.1)
   2013          24 941 (11.4)
   2014          40 085 (18.4)
  Sex            
   Male          119 354 (54.8)
   Female        98 422 (45.2)
  Age (y)        
   0-5           84 383 (38.7)
   6-18          28 860 (13.2)
   19-64         54 926 (25.2)
   ≥65           49 607 (22.8)
  Holidays       
   Non-holiday   165 511 (76.0)
   Holiday       52 265 (24.0)
   Sunday        41 544 (19.1)

###### 

Summary statistics of meteorological factors in Seoul

  Factors       Mean   SD     Min     Q1     Q2     Q3     Max
  ------------- ------ ------ ------- ------ ------ ------ -------
  T~AVE~ (°C)   12.6   10.9   -14.5   3.4    14.2   22.7   31.8
  DTR (°C)      8.2    2.8    1.1     6.2    8.2    10.2   17.6
  RH (%)        60.5   15.1   20.1    49.4   60.4   71.6   99.8
  PR (mm/d)     4.3    17.2   0.0     0.0    0.0    0.5    301.5
  WS (m/sec)    2.6    0.9    1.1     2.0    2.5    3.1    7.5

SD, standard deviation; Min, minimum; Max, maximum; T~AVE~, daily average temperature; DTR, diurnal temperature range; RH, relative humidity; PR, daily precipitation; WS, daily average wind speed.

###### 

Effects of meteorological factors on emergency room visits for pneumonia

  Age (y)                                               T~PN~               T~AVE~              DTR                                                                                                                                                                                                         
  ----------------------------------------------------- ------------------- ------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- -------------------------------------------------------------------
  All^[1](#tfn1-jpmph-52-2-82){ref-type="table-fn"}^    T~PN~ \<-10         -10≤T~PN~ \<6       6≤T~PN~                                                             T~AVE~ \<14                                                         14≤T~AVE~                                                           \-
                                                        1.40 (1.00, 1.98)   0.99 (0.98, 1.00)   1.89 (1.36, 2.61)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   1.01 (1.01, 1.02)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   0.93 (0.92, 0.93)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   0.96 (0.94, 0.98)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^
  0-5^[2](#tfn2-jpmph-52-2-82){ref-type="table-fn"}^    T~PN~ \<-10         -10≤T~PN~ \<6       6≤T~PN~                                                             T~AVE~ \<14                                                         14≤T~AVE~                                                           \-
                                                        1.45 (0.99, 2.11)   1.00 (0.99, 1.01)   1.89 (1.34, 2.67)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   1.02 (1.01, 1.03)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   0.92 (0.91, 0.92)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   0.98 (0.97, 0.99)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^
  \>65^[3](#tfn3-jpmph-52-2-82){ref-type="table-fn"}^                       Not measured                                                                            T~AVE~ \<16                                                         16≤T~AVE~                                                           \-
                                                                                                                                                                    0.98 (0.98, 0.98)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   1.01 (1.00, 1.02)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^   1.08 (1.06, 1.09)^[\*](#tfn4-jpmph-52-2-82){ref-type="table-fn"}^

T~PN~, pneumonia temperature; T~AVE~, daily average temperature; DTR, diurnal temperature range; RR, relative risk; CI, confidence interval; RH, relative humidity; WS, daily average wind speed.

Controlled for T~PN~ lag~7~, T~AVE~ lag~0-7~, DTR lag~0-7~, RH, WS, holiday, time.

Controlled for T~PN~ lag~7~, T~AVE~ lag~0-7~, DTR lag~7~, RH, WS, holiday, time.

Controlled for T~PN~ lag~4~, T~AVE~ lag~0-7~, DTR lag~0-7~, RH, WS, holiday, time.

*p*\<0.05.
